Abstract Melatonin and serotonin rhythms, which exhibit a close association with the endogenous circadian component of sleep, are attenuated with increasing age. This decrease seems to be linked to sleep alterations in the elderly. Chrononutrition is a field of chronobiology that establishes the principle of consuming foodstuffs at times of the day when they are more useful for health, improving, therefore, biorhythms and physical performance. Our aim was to analyze whether the consumption of cereals enriched with tryptophan, the precursor of both serotonin and melatonin, may help in the reconsolidation of the sleep/wake cycle and counteract depression and anxiety in 35 middle-aged/elderly (aged 55-75 year) volunteers in a simple blind assay. Data were collected for 3 weeks according to the following schedule: The control week participants consumed standard cereals (22.5 mg tryptophan in 30 g cereals per dose) at breakfast and dinner; for the treatment week, cereals enriched with a higher dose of tryptophan (60 mg tryptophan in 30 g cereals per dose) were eaten at both breakfast and dinner; the posttreatment week volunteers consumed their usual diet. Each participant wore a wrist actimeter that logged activity during the whole experiment. Urine was collected to analyze melatonin and serotonin urinary metabolites and to measure total antioxidant capacity. The consumption of cereals containing the higher dose in tryptophan increased sleep efficiency, actual sleep time, immobile time, and decreased total nocturnal activity, sleep fragmentation index, and sleep latency. Urinary 6-sulfatoxymelatonin, 5-hydroxyindoleacetic acid levels, and urinary total antioxidant capacity also increased respectively after tryptophan-enriched cereal ingestion as well as improving anxiety and depression symptoms. Cereals enriched
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Introduction
Aging is a very complex process that is related to circadian rhythm disruption and produces sleep disturbances (Huang et al. 2002) and other physiological or psychological dysfunctions (Barnard and Nolan 2008) including impaired nutrient absorption (Meier and Sturm 2009; Woudstra and Thomson 2002) , immunosenescence (Canizzo et al. 2011; Hutt et al. 2010; Ortega et al. 2000) , decrease in hormone levels (Ferrari and Magri 2008) , or neuronal death (Shankar 2010; Qureshi and Parvez 2007) . Adequate daily sleep is an important part of a healthy and productive lifestyle. In fact, it is well-known that sleep characteristics are involved in maintaining a good health and quality of life (Ancoli-Israel et al. 1997; Tsou 2011) . Sleep disorders can result in diverse consequences including deleterious effects on immune system, psychiatric diseases and symptoms, or even increased risk of coronary diseases and diabetes mellitus type 2 among others. In this way, sleep disruptions leads to deterioration in the quality of life (Faraut et al. 2011; Tsou 2011; Asplund 2000) . On the other hand, the consequences of numerous disorders are directly linked to sleep. These include obstructive sleep apnea (Russell and Duntley 2011) , untreated diabetes (Kachi et al. 2012) , obesity (Yiengprugsawan et al. 2012) , dementia, and Alzheimer or Parkinson's diseases, among others (Mondragón-Rezola et al. 2010; Witting et al. 1990) .
About 30 % of people over 50 years suffer from sleep problems (Zhdanova et al. 2001) . This is partially attributed to age-related shorter amplitude and advance in phase of circadian rhythms (Van Someren 2000; Dijk et al. 2000) . In many cases, circadian rhythm disruption is associated with medication due to its stimulating or sedating effects (Velayos 2009; Ironside et al. 2010; Ancoli-Israel et al. 1997) .
Oldest groups are especially prone to impaired sleep (Huang et al. 2002) . Nocturnal sleep is an active physiologic process that seems to contribute to the neutralization of free radicals through immune system (Paredes et al. 2009a) , consolidates memory (Maquet et al. 2010) , and reconstitutes body tissues ). Many hormones and neurotransmitters are involved in sleep regulation (Sánchez et al. 2010; Kotronoulas et al. 2009 ) being of importance the indole melatonin and the neurotransmitter serotonin (Hajak et al. 1991; Silber and Schmitt 2009) . Since both serotonin and melatonin circulating levels decrease with increasing age, the occurrence of sleep problems in the elderly may be a consequence of the age-related impairment in the synthesis and secretion of both the neurotransmitter and the indole (Zhdanova et al. 2001) .
Tryptophan is an essential amino acid that humans have to obtain from the diet (Yao et al. 2011; Sarris and Byrne 2011) . This amino acid is the precursor of serotonin and melatonin and participates in the regulation of circadian rhythms (Hajak et al. 1991; Garau et al. 2006; Paredes et al. 2009b; Franco et al. 2012) . It has been reported that age wanes the transport of tryptophan across the blood-brain barrier (Tang and Melethil 1995; Porter et al. 2005) . Also, tryptophan hydroxylase, which catalyzes the rate-limiting step in the biogenesis of both serotonin and melatonin in cells, declines with aging due to oxidation by reactive oxygen species and alterations in the phosphorylation cascade that modulates enzyme activity (Hussain and Mitra 2004) .
The serotonergic system is implicated in sleep, mood, and cognition. It has been shown that age also provokes changes in the synthesis and secretion of serotonin. Dysfunctions in the pathways where this neurotransmitter is involved can produce depression, anxiety disorders, cognitive dysfunctions, bipolar disorders, and obsessive-compulsive disorders (Cubero et al. 2011; Mendelsohn et al. 2009; Markus et al. 2005) .
The indole melatonin is mainly produced during dark hours by the pineal gland from serotonin and entrains circadian rhythms (Bubenik and Konturek 2011) . Specialized photoreceptive cells in the retina detect light (Jung-Hynes et al. 2010 ) and this information goes directly to the suprachiasmatic nuclei through the retinohypothalamic tract and indirectly through the geniculohypothalamic tract (Sánchez et al. 2008c ). N-acetyltransferase, which constitutes the limiting step in melatonin synthesis in the pineal gland, produces the indole only during darkness (Sánchez et al. 2008b) . Studies have reported that sleep/wake circadian rhythm disruption due to aging is related to a decline in melatonin levels, causing negative effects on health (Garrido et al. 2010 ) and mood (Lam 2008 ).
Depression and anxiety disorders are pointed as consequences, among many others, of circadian rhythm disturbances in the elderly (Most et al. 2010) . Sleep restriction and sleep fragmentation can be produced by work, lifestyle, or medical conditions which have been reported to produce attention problems, fatigue, and/or mood disorders (Reynolds and Banks 2010) .
During aging, cellular functions decline due to free radical action on macromolecules. In this way, free radicals and oxidative stress have been recognized as important causes involved in aging and several physiological dysfunctions related to age (Meydani 2001; Mammucari and Rizzuto 2010) . It is well-known that diet with high levels of antioxidants may enhance life quality (Reiter et al. 2005; Rizwan et al. 2011) In previous reports, we showed that tryptophan administration was able to reverse the age-related changes in the circulating levels of melatonin and serotonin in both mammals and ringdoves (Aparicio et al. 2007; Paredes et al. 2007; Sánchez et al. 2008a, b) . Also, we reported that diets enriched with tryptophan itself or with foodstuffs containing high levels of this amino acid were able to both consolidate sleep in newborns (Cubero et al. 2005 and improve sleep and antioxidant capacity levels in young, middle-aged, and elderly individuals (Garrido et al. 2009 (Garrido et al. , 2010 . Thus, the aim of the present work was to evaluate the effect of tryptophan-enriched cereals on sleep, serotonin, melatonin, total antioxidant capacity levels, and mood in elderly humans.
Materials and methods

Participants and experimental design
The study was carried out in 35 elderly volunteers aged 55-75 years (26 females and 9 males) with normal weight who suffered from sleep difficulties, mainly sleep onset and sleep fragmentation problems; all participants were Caucasian. Before entering the assessment, all subjects were physically and psychologically screened by the doctor of the assay. The following criteria were used for participant selection: they were healthy, had right clinical analysis (only some of them suffered from hypertension), nonsmokers, not alcohol or drug abusers, their sleep onset took more than 1 h, or they experienced more than three nocturnal awakenings. None of them reported sleep pathologies or depression during the assay. All subjects gave written informed consent to participate in the study (Table 1) .
The participants stayed in their principal homes during the assay. They were given instructions to have the most similar environments and the best possible sleep hygiene conditions including temperature (17-20°C), humidity (50-70 %), lightning, and routine before going to sleep.
This study was approved by the Ethical Committee of the University of Extremadura (Badajoz, Spain) in accordance with the Declaration of Helsinki, the Council of Europe, and the Universal Declaration of UNESCO on Human Rights Biomedicine and Human Genome.
Diets
For the first week, every participant consumed control cereals (22.5 mg tryptophan in 30 g cereals per dose) at breakfast and dinner. The treatment week (second week) volunteers consumed 30 g of tryptophan-enriched cereals (containing 60 mg tryptophan) at breakfast and dinner. Finally, there was a posttreatment week (third week) with no cereals, in which volunteers consumed their habitual diet.
Control cereals were the commercial formula Blevit Plus 8 cereales© with a content of 75 mg tryptophan/ 100 g cereals. Tryptophan-enriched cereals were Blevit Plus 8 cereales© modified with a content of 200 mg tryptophan/100 g cereals. Cereals were produced and manufactured by ORDESA S.L. Laboratories (Barcelona, Spain).
Measurement of sleep
Activity data were collected by a wrist actimeter (Actiwatch©, Cambridge Neurotechnology Ltd, UK) which participants wore in their nondominant hand during the 3 weeks of the trial. The actimetry data were analyzed with the Sleep Analysis 5© v.5.48 (Cambridge Neurotechnology Ltd, UK) software to obtain the following parameters: time in bed, assumed sleep (difference between sleep onset and the final awakening), actual sleep time (assumed sleep minus awake time), sleep latency (time period measured from going to bed until the onset of sleep), sleep efficiency (sleep percentage while the volunteer is in bed), number of awakenings (number of high activity episodes during sleep), immobile time (minutes when mobility is zero), total activity (total activity pulses during sleep), and fragmentation index (indicator value of quality of rest).
Urine sample collection
First-void (07:00 am) and 21:00 pm urines were collected on days 1 and 7 of the treatment week. Control and posttreatment week samples were collected only on day 7 at the same hours as before. Urine was stored at −20°C in Eppendorf vials until use.
6-Sulfatoxymelatonin, 5-hydroxyindoleacetic acid, and total antioxidant capacity measurements Measurements of melatonin and serotonin were carried out through their excretion metabolites: 6-sulfatoxymelatonin (aMT6s) and 5-hydroxyindoleacetic acid (5-HIAA), respectively. Both aMT6s and 5-HIAA were measured with commercial enzyme-linked immunosorbent DRG© kits. To adjust for variation in the dilution of urine, aMT6s and 5-HIAA were expressed as urinary aMT6s/urine creatinine ratio; creatinine concentration was determined by means of the Jaffe test, as described elsewhere (Garrido et al. 2010 ). These analyses were carried out at 10:00 a.m. Total antioxidant capacity was measured by a colorimetric assay kit (Cayman©). This assay relies on the ability of antioxidants in the sample to inhibit the oxidation of 2,2′-azino-di-[3-ethylbenzothiazoline sulfonate] (ABTS) to ABTS radical by metmyoglobin. The capacity of the antioxidants in the sample to prevent ABTS oxidation was compared with that of Trolox, a water-soluble tocopherol analog, and quantified as millimolar Trolox equivalents. All procedures were performed following their respective manufacturer's instructions. Microtiter plates were read in a reader (TECAN infinite M200©) with the software Tecan-i-control©.
Anxiety and depression measurements
Before the study and every week during the study, volunteers filled out State-Trait Anxiety Inventory (STAI) anxiety test and Beck Depression Inventory at 10:00 a.m. These tests have been widely validated and are recognized as appropriate methods for the measurement of anxiety and depression (Steer et al. 2000; TellesCorreia and Barbosa 2009) . STAI total scores were related to a Spanish version (Spielberger et al. 2008 ).
Statistical analysis
Data are expressed as mean ± standard error and represented as fold-increase over control levels (expressed as 1). Statistical analysis was made with GraphPad prism© v5.02 using KruskalWallis test; posttest was performed with Dunn's multiple comparison test. Figure 1 shows that after 1 week of tryptophanenriched cereal ingestion (60 mg of tryptophan both in breakfast and dinner), most sleep parameters in elderly people improved as compared to both the control week (diet with standard cereals and 22.5 mg of tryptophan per dose) and the third week, in which volunteers had their habitual diet. In particular, an increase in the actual sleep time ( Fig. 1c; p<0.01), sleep efficiency ( Fig. 1e; p<0.001), and immobile time ( Fig. 1f; p<0.01) were obtained. In addition, sleep latency ( Fig. 1d; p<0.01), wake bouts ( Fig. 1g; p<0.05), total activity ( Fig. 1h; p<0.01) , and fragmentation index ( Fig. 1i ; p<0.001) were lower than control values. Values observed in the third week were similar to the control week values.
Results
The results of the quantification of serotonin and melatonin through their respective urinary metabolites (5-HIAA and aMT6s) in elderly participants are shown in Table 2 . At the end of the treatment week with tryptophan-enriched cereals, an increase in aMT6s (p<0.05) and 5-HIAA (p<0.05) was observed with respect to the control week and the third week, where volunteers consumed their habitual diet. With regard to antioxidant capacity, which was quantified in urine by means of Trolox equivalents, an increase was observed (p<0.05) in its levels.
After the participants ingested tryptophan-enriched cereals, a decrease was observed (p<0.05) with respect to the control week in the state anxiety. However, there was no variation in trait anxiety (Table 3) . In relation to depression, after 1 week of ingesting tryptophanenriched cereals, there was a decrease (p<0.05) at the Beck's depression test with respect the first week of the study (Table 3) .
Discussion
It is well-known that quality and quantity of sleep in elderly people decrease (Gilliam 2009; Monjan 2010 ), due to a reduced amplitude of circadian rhythms (van Someren 2000) . In many cases, such problems have been treated with melatonin (Sanchez-Barceló et al. 2010) . In previous studies, we showed that tryptophan, the precursor of both serotonin and melatonin, was successful in improving sleep problems in both animals and humans Sánchez et al. 2008a, b; Paredes et al. 2009b ). In particular, tryptophan-enriched diets increased the quantity and quality of sleep in newborns (aged 0-6 months) who suffered from sleep problems (more than three nocturnal awakenings in a given night). Our research group found (2013) 35:1277-1285 that this tryptophan concentration was successful to improve sleep problems in other ages following a similar schedule ). For this reason, in the present work, it was decided to administer tryptophanenriched cereals at breakfast and dinner to elderly people who suffered from sleep onset and sleep consolidation problems. Actimetry is a noninvasive method in which trials were performed with a high sample with these kinds of assays and gives enough information to evaluate if a diet improves activity/inactivity circadian rhythm (Adamec et al. 2010; Ancoli-Israel et al. 2003) . Wrist actimetry is a well-validated technique to study nocturnal sleep, as referenced elsewhere (Martin and Hakim 2011) . This method has been used to determine disturbances in actual sleep time, sleep efficiency, sleep latency, wake bouts, and sleep fragmentation index in elderly people (Huang et al. 2002) .
In the present work, it was demonstrated that the intake of tryptophan-enriched cereals produced beneficial effects on sleep/wake cycle. Most nocturnal sleep parameters analyzed improved in elderly people who suffered from sleep problems. Tryptophan has been shown to have direct effects on sleep regulation by increasing the availability of brain serotonin, which is involved in sleep latency (Sarris and Byrne 2011; Arnulf et al. 2002; Duncan and Congleton 2010) . Melatonin, which is produced from serotonin, is more involved in sleep quality than in sleep onset (CastroSilva et al. 2010; Bourne et al. 2008) . Thus, the aforementioned improvement in sleep may be a consequence of increasing serotonin or melatonin levels since both amines are formed from tryptophan in the brain. Indirect evidence of this is shown by the increase in the urinary metabolites of both molecules obtained in the present work after consuming tryptophan-enriched cereals (Table 2 ). Other workers have reported similar results (González-Flores et al. 2012; Delgado et al. 2012) . In fact, increasing melatonin or serotonin plasma levels through tryptophan administration is a well-documented phenomenon with positive effects against sleep disturbance (Sánchez et al. 2008a; Cubero et al. 2005) . Additionally, a significant increase in urinary total antioxidant capacity was observed after the intake of tryptophan-enriched cereals. This could be due to the antioxidant role of the amino acid tryptophan, the neurotransmitter serotonin, and the indole melatonin as has been observed when diets containing foodstuffs with high content in the aforementioned molecules are consumed (Garrido et al. 2010) .
Tryptophan availability and consequently serotonin synthesis participate in mood regulation (Mitchell et al. 2011) . Many studies by means of acute tryptophan depletion have reported that deficiencies in tryptophan availability produce depressive symptoms (Tocker et al. 2010) . Often these symptoms are also associated to circadian rhythm disturbances and anxiety (Soria and Urretavizcaya 2009 ). In our study, the STAI anxiety test and Beck's depression test showed that tryptophanenriched cereals improved these aspects associated to sleep problems.
In summary, the present work indicates that the consumption of tryptophan-enriched cereals may be considered as a facilitating tool to improve sleep in the elderly. The findings also suggest that these kinds of diets affect positively mood in elderly populations.
